The histone-like nucleoid structuring (H-NS) protein is conserved in Gram-negative bacteria and plays important roles as a multifunctional bacterial modulator. However, its roles in deep-sea microorganisms warrant investigation. In this study, the relationship between temperature and the regulatory function of H-NS was characterised in the benthic bacterium Shewanella piezotolerans WP3. Comparative microarray analysis of the hns knockout mutant and wild-type strain identified a total of 264 differentially expressed genes at 4
INTRODUCTION
The H-NS factor differentially regulates numerous lateral transferred genes (Lucchini et al. 2006; Oshima et al. 2006; Lang et al. 2007; Baños et al. 2009 ). As a multifunctional bacterial modulator, H-NS participated in the environmental adaptation of microorganisms, particularly certain pathogenic bacteria (Falconi et al. 1998; Madrid et al. 2002; Umanski, Rosenshine and Friedberg 2002; Yang et al. 2005; Duong et al. 2007 ). Specifically, evidence supports a relationship between H-NS and temperature. The transcription of hns gene has been shown to be induced by cold shock response in Escherichia coli, and CspA is responsible for the transcription of hns gene and translation of hns mRNA (Teana et al. 1991; Giangrossi, Gualerzi and Pon 2001) . Furthermore, temperature affects active H-NS tetramer formation (Stella et al. 2006) , and the conformation of H-NS-DNA complex is directly responsive to temperature and pH both in vivo (Liu et al. 2010) and in vitro ). Although the global regulator H-NS has been extensively investigated in mesophilic bacteria (Williams and Rimsky 1997; Dorman 2004 Dorman , 2007 Fang and Rimsky 2008; Ali et al. 2012) and plays a significant role in cold adaptation, H-NS function in benthic microorganisms inhabiting the deep ocean still need to be characterised.
Shewanella piezotolerans WP3 (WP3) was previously isolated from deep sea sediment of West Pacific ocean (water depth of 1914 m) (Wang et al. 2004; Xiao et al. 2007) . The growth of WP3 could be observed in the temperature range from 0
• C to (Xiao et al. 2007) . Previously, the adaptive were obtained in our previous study (Jian et al. 2016). mechanism of WP3 at low temperatures has been investigated; branched-chain fatty acid and amino acid transporters represent important strategies for cold adaptation (Wang et al. 2009 ). Interestingly, the regulatory function of the LexA protein, which is a key regulator of the SOS system, is temperature dependent (Jian et al. 2015) . Our previous study characterised H-NS function at the optimum growth temperature (20 • C) of WP3, and H-NS was demonstrated to be a repressor of WP3 lateral flagellar (Laf) system (Jian et al. 2016) . In this study, the function of H-NS was investigated in the benthic bacterium WP3 under cold condition, thus illustrating the relationship between temperature and H-NS function.
MATERIAL AND METHODS

Bacterial culture, RNA extraction and real-time quantitative PCR
The Shewanella and Escherichia coli strains used in this study are listed in Table S1 (Supporting Information). The WP3 strains were grown in 2216E marine medium. The growth was assessed by performing turbidity measurements at 600 nm. Total RNA isolation, cDNA preparation and real-time quantitative (qPCR) were performed according the method previously described (Jian, Xiao and Wang 2013) . The qPCR primer pairs (Table S2 , Supporting Information) was designed by using Primer Express (version 3.0). For growth rate, qPCR and motility assay, the data were analysed for significance using two-tailed Student's t-test with Excel software.
Comparative microarray analysis
A custom designed microarray (Platform GPL16568) containing >95% of the total predicted ORFs of WP3 was used in this study. Fluorescent dye-labelled cDNA preparation, microarray data acquisition and processing, clustering analysis were conducted as previously described (Jian, Xiao and Wang 2013) .
Electrophoretic mobility shift assay
C41 cells harbouring pET28a-hns were employed for H-NS protein expression and purification as previously described (Jian et al. 2016) . DNA probes for electrophoretic mobility shift assay (EMSA) were obtained by PCR amplification (primers are listed in Table S2 ) and purified with EZNA Cycle-Pure Kit. The EMSA was performed according to the method previously described (Jian et al. 2016) .
RESULTS
Growth assay and transcriptomic profiling of WP3 hns under cold condition
The putative influence of H-NS on WP3 growth at low temperature was investigated, and there was no significant difference (P = 0.103) between the growth rate of WP3 and WP3 hns when these two strains were cultivated at 4
• C (Fig. S1 , Supporting Information). To identify differentially expressed genes (DEGs), the comparative microarray analysis was conducted and the transcriptomic profiles of WP3 and WP3 hns at 4
• C were compared. Overall, 264 DEGs were identified, including 165 and 99 genes with enhanced and reduced expression in WP3 hns compared with WP3, respectively (Tables S3 and S4 , Supporting Information). We validated the microarray data by selecting seven genes for qPCR analysis. The correlation coefficient (R  2 ) between the data obtained by qPCR and microarray was 0.8902 ( Fig. S2 , Supporting Information), thus demonstrating the reliability of the microarray data for use in follow-up analyses.
The microarray data generated in this study has been deposited in NCBI's Gene Expression Omnibus (GEO) (accession number GSE57877). Functional classification of DEGs was performed using the COG database (Fig. S3, Supporting Information) . Approximately 35.2% of the genes demonstrating altered transcriptional level possessed unknown functions. The known enriched clusters were associated with energy metabolism (35/239), cell motility (26/134) and lipid transport and metabolism (20/120). Interestingly, all 26 upregulated genes in WP3 hns compared with WP3 (associated with cell motility) identified in the microarray data belonged to the lateral flagellar gene cluster (Table S3 ). In addition, two gene clusters, swp0428-swp0431 (encoding fumarate reductase) and swp5023-swp5028 (encoding formate dehydrogenase), which are associated with energy production and conversion, were downregulated in WP3 hns at 4
• C.
The DEG patterns are significantly influenced by temperature
The DEGs in WP3 hns at 20
• C were investigated in our previous study (Jian et al. 2016 ). In this study, H-NS function at 4 • C was characterised. A greater number of DEGs in the hns mutant were observed at 20
• C (554 DEGs, including 274 upregulated and 280 downregulated genes) than at 4
• C (264 DEGs, including 165 upregulated and 99 downregulated genes), suggesting H-NS exerts more pronounced regulatory functions at higher temperatures (Fig. 1A) . A total of 170 genes (H-NS-regulated core genes) were differentially expressed at both temperatures; this number accounts for 30.7% and 64.4% of the DEGs at 20
• C and 4
• C, respectively (Fig. 1B) . Notably, 167 of the core genes (98.2%) exhibited the same change trends, indicating the H-NS-mediated regulation of their expression was independent of temperature.
H-NS is responsible for the cold-mediated induction of Laf gene transcription
The Laf-directed swarming motility of WP3 hns and WP3 was evaluated at 4
• C, and the swarming distance of WP3 hns was 163% greater than that of the wild-type strain, thus indicating that swarming motility of WP3 was significantly influenced by hns gene mutation (Fig. S4A , Supporting Information). Moreover, greater number of lateral flagellar filaments of WP3 hns cells were observed by TEM at 4 • C (Fig. S4B , Supporting Information), potentially explaining the increase in swarming motility observed at low temperatures. To further characterise the relationship between temperature-and H-NS-mediated regulation on of the Laf system, four representative genes belong to the Laf system, lafA (encoding lateral flagellin), fliA2 (encoding the flagellarspecific transcription factor sigma-28), flgH2 (encoding the L-ring protein) and motA (encoding the flagellar stator protein), were selected for qPCR analysis at 20
• C. The relative mRNA expression levels were measured, and these four genes were upregulated by 20.7-, 17.9-, 6.1-and 4.9-fold, respectively, in WP3 at 4
• C compared to that expression at 20
• C (Fig. 2) . However, the fold-change values were 0.8, 0.9, 1.1 and 0.9 in WP3 hns, respectively, which indicated that the Laf genes were not cold inducible in the hns mutant. As expected, the cold-mediated induction of the expression of these genes was recovered in the complemented strain WP3 hns-C. Thus, H-NS is responsible for the Laf-associated temperature response in WP3. 
The binding affinity of H-NS to Laf gene promoters is higher at low temperature
To investigate the mechanism underlying the different DEG pattern in WP3 hns at 20
• C, the relative mRNA level of the hns gene at different temperatures was assessed by qPCR. Different from previous observations in Escherichia coli (Teana et al. 1991) , the quantity of hns mRNA did not significantly differ between 20
• C (Fig. S5, Supporting Information) . In our previous study, H-NS bound to Laf gene promoters (Jian et al. 2016) .
To test the temperature dependency of this binding, we assessed H-NS binding in an electrophoretic mobility shift assay at 4 • C and 20
• C. The promoters of the lafA and lafB genes were incubated in binding buffer containing increasing concentrations of H-NS at different temperatures, and shifted bands could be detected by native polyacrylamide gel electrophoresis ( Fig. 3A and  B) . The intensity signal in each bound and unbound band was quantitated, and the fraction of DNA bound in each reaction was plotted versus H-NS concentration (in μM). The non-linear regression was performed to obtain values for the correlation coefficient (R 2 ) and equilibrium dissociation constant (K d ). The values for the K d obtained from the curve fit are 1.5 ± 0.5 and 1.0 ± 0.2 μM for binding with PlafA, 2.9 ± 1.6 and 1.0 ± 0.3 μM for binding with PlafB, at 20
• C and 4 • C, respectively (Fig. 3C) .
These data demonstrated H-NS binding to Laf gene promoters with higher affinity at low temperature.
DISCUSSION
The Laf system of WP3 is a cold-inducible system, given that the mRNA levels of Laf genes are significantly increased at 4
• C compared to 20
• C (Wang et al. 2008) . As determined in this study, H-NS is a key regulator of the cold-mediated induction of the Laf system; there were no significant differences in mRNA levels between 4
• C and 20
• C in WP3 hns (Fig. 2) . If the quantity of H-NS protein is similar at different temperatures, the structural differences in the DNA-protein complex at 20
• C may influence the transcriptional intensity of the promoters of Laf and other H-NS regulated genes. H-NS has been identified as an essential component of a thermally controlled gene regulation mechanism in Salmonella enterica serovar Typhimurium and is responsible for the expression of 77% of thermo-regulated genes (Ono et al. 2005) . The binding of H-NS to the hilC promoter was demonstrated in a temperature-dependent manner, with the K d increased from 0.2 to 0.7 mM over the temperature range 10 Ono et al. 2005) . In this study, we noticed that the binding activity of H-NS to Laf gene promoter is higher at 4
• C than 20
• C (Fig. 3) , thus extended the temperature range of thermoregulated binding between promoter regions and H-NS. Considering permanently low temperature (2
feature of deep-sea environments (Orcutt et al. 2011) , the high binding affinity of H-NS under cold condition could endow benthic microorganism with advantages in the regulation of exogenous genes. Although the WP3 H-NS protein contains a similar number of amino acids and exhibits high identity and similarity compared with the Escherichia coli H-NS protein, WP3 hns demonstrates a distinct phenotype. In contrast to the significant growth deficiency of an E. coli hns-impaired strain at low temperatures (Dersch, Kneip and Bremer 1994) , no growth difference was observed at 4
• C after hns gene disruption in WP3. Notably, the transcription of genes associated with energy metabolism, cell motility and lipid transport and metabolism was significantly influenced by H-NS (Fig. S3 , Supporting Information). Although motility, which is supported by flagella, facilitates the movement of microorganisms towards favourable conditions and the avoidance of detrimental environments, the utilisation of a flagellum, particularly multiple lateral flagella, is an 'expensive' function, and represents a considerable metabolic burden for cells due to the requirement of high-energy consumption for lateral flagella assembly and rotation. Moreover, the energy supply is low in cold environments due to the reduced affinity for nutrient uptake and decreased rates of biochemical reaction (Nedwell and Rutter 1994; Nedwell 1999; Rodrigues and Tiedje 2008) . Thus, the Laf system is likely controlled by H-NS, and this function could contribute to the adaptation of WP3 to the benthic environment.
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